Abstract-In this study, we extend recent investigations on graphene/metal hybrid tunable terahertz metamaterials to other two-dimensional (2-D) materials beyond graphene. For the first time, use of a nongraphitic 2-D material, molybdenum disulfide (MoS 2 ), is reported as the active medium on a terahertz metamaterial device. For this purpose, high-quality few atomic layer MoS 2 films with controlled numbers of layers were deposited on host substrates by means of pulsed laser deposition methods. The terahertz conductivity swing in those films is studied under optical excitation. Although no-appreciable conductivity modulation is observed in single-layer MoS 2 samples, a substantial conductivity swing, i.e., 0 to ∼0.6 mS, is seen in samples with ∼60 atomic layers. Therefore, although exhibiting much smaller maximum terahertz conductivity than that in graphene, which is a consequence of much smaller carrier mobility, MoS 2 can still be employed for terahertz applications by means of utilizing multilayer films. With this in mind, we design and demonstrate optically actuated terahertz metamaterials that simultaneously exhibit a large modulation depth (i.e., >2× larger than the intrinsic modulation depth by a bare MoS 2 film) and low insertion loss (i.e., <3 dB). The advantages of using a 2-D material with a bandgap, such as MoS 2 , rather than a gapless material, such as graphene, are: 1) a reduced insertion loss, which is owed to the possibility of achieving zero minimum conductivity, and 2) an enhanced modulation depth for a given maximum conductivity level, which is due to the possibility of placing the active material in a much closer proximity to the metallic frequency selective surface, thus allowing us to take full advantage of the near-field enhancement. These results indicate the promise of layered 2D materials beyond graphene for terahertz applications.
diverse applications including imaging, communications, spectroscopy, security, astronomy, and so on [1] , [2] . However, the scarcity of active materials capable of efficiently responding and effectively manipulating terahertz waves currently limits the progress in developing many of these applications. In this regard, tunable terahertz metamaterials have been proposed as an efficient means for manipulating terahertz wave propagation. Significant research has been carried out over the last decade on tunable metamaterial terahertz modulators enabling amplitude [3] or phase modulation [4] , and employing various actuation mechanisms, i.e. including: optical [5] , [6] , electrical [3] , [4] , [7] , [8] , thermal [9] , and mechanical [10] actuation. In this context, graphene has been proposed as a promising active material for reconfigurable terahertz applications because it can be integrated into a wide variety of substrates, its low cost, and its excellent terahertz response [11] [12] [13] [14] [15] [16] [17] [18] . However, a key design factor (i.e. the possibility of tailoring the electric field enhancement in graphene) has been largely unexplored [19] .
Graphene-based metamaterials demonstrated to-date usually comprise two elements: (i) a passive metallic frequency selective surface (FSS), and (ii) a single layer -or multiple layersof graphene. Although in most reported metamaterials the graphene layers are placed in the same plane as the FSS, vertically stacking these layers and optimizing the separation between them can lead to better modulation performance. In this regard, Yan et al. showed both theoretically as well as experimentally that the field enhancement in graphene could be controlled via tailored placement of the graphene layers away from the plane of the FSS [20] . In general, the higher the electricfield enhancement in the plane of graphene, the more sensitive the terahertz transmission is to the graphene conductivity. However, close placement is often accompanied by a high insertion loss, which is owed to graphene having a finite minimum conductivity; i.e. if graphene is placed very close to the FSS the minimum conductivity of graphene will lead to a large loss in the terahertz transmission through the structure. Therefore, in graphene-based metamaterials, there exists a trade-off between modulation depth and insertion loss, which needs to be taken into account (and optimized) when designing the geometry of these structures [20] . Proof-of-principle demonstration of this phenomena was shown using graphene layers, which were separated by a polyimide (PI) spacer from a passive metallic FSS. By placing the active graphene layers at various distances from the FSS, it was demonstrated that: (a) it is possible to tailor the strength of the interaction between the terahertz waves and graphene, which is equivalent to arbitrarily enhancing the effective conductivity of graphene; and, (b) for a given conductivity swing in graphene, there exists an optimal placement leading to optimal modulation depth versus insertion loss tradeoff. In this work we extend this hybrid terahertz metamaterial concept to other 2D-materials beyond graphene.
Our discussion will be focused on metamaterials employing molybdenum disulfide (MoS 2 ). In recent years, a number of investigators have reported on time-resolved terahertz conductivity measurements in 2D-MoS 2 films. For instance, Strait et al. performed low temperature mobility measurements in multilayer MoS 2 and reported acoustic phonon scattering as the mobility limiting mechanism [21] . Studies on exciton annihilation in optically excited monolayers of MoS 2 were performed by Sun et al. [22] . Furthermore, Docherty et al. demonstrated ultrafast photoconductive response (< 1 ps) in a single layer of MoS 2 [23] . These early works shed light on the potential of molybdenum disulfide for use in terahertz applications. More recently, Cao et al. reported terahertz modulators based on large-area multilayer MoS 2 films in Si-substrates [24] . The enhancement in the terahertz modulation was achieved by p-type doping of the MoS 2 sample. Moreover, a recent study by Chen et al. [25] , showed an optically pumped Si-MoS 2 terahertz modulator with a high modulation depth (∼75%). However, (i) optical excitation in these experiments not only altered the terahertz optical properties of the MoS 2 films, but also altered the properties of the Si substrate, and (ii) large levels of modulation depth were observed in cases where the MoS 2 samples were intrinsically doped (i.e. there was an initial finite terahertz conductivity even in the absence of optical pump). Thus, these reported modulation depth levels were not only heavily dependent on the initial doping in MoS 2 , but also, more importantly: the fact that large modulation was observed could be attributed to an enhanced sensitivity of the terahertz transmission to the terahertz conductivity swing in the Si substrate under optical illumination, rather than by an enhanced terahertz absorption by MoS 2 .
II. SAMPLE FABRICATION
The MoS 2 films employed in this work were fabricated using a pulsed laser deposition technique. For this purpose, a pulsed KrF excimer laser with a wavelength of 248 nm and pulse width of 25 ns was used along with a polycrystalline MoS 2 target, which was made by pressing MoS 2 powder. The substrate, single crystal sapphire with (0001) orientation, was kept at 700˚C and at a vacuum pressure of 1 × 10 −6 torr during the deposition process. The quantity of MoS 2 layers in these films was controlled by means of controlling the number of laser pulses. Further details on the experimental growth procedures and on the quality of the films are given in [26] .
Three samples, with different number of MoS 2 layers are analyzed in this work. These samples contain 1, 4 , and 60 atomic layers of MoS 2 . Fig. 1 shows an optical image of the samples organized by number of layers (low-to-high from left-to-right). These MoS 2 samples were studied by means of terahertz time domain spectroscopy (with and without optical excitation) from where their dynamic terahertz response could be extracted (see Section III-A). Following the metamaterial concept reported in Ref. [20] , we then proceeded to fabricate MoS 2 /metal hybrid structures. To fabricate these structures, we spin coated polyimide (PI-2600) on the MoS 2 -on-sapphire samples. The polyimide was cured by gradually increasing temperature to 300°C
. The sample was held at this set point for 30 minutes and then gradually cooled down to room temperature. Samples with varied polyimide spacer thickness were fabricated by means of altering the spin casting conditions. Finally, lithography, metal deposition, and lift-off steps were performed to define the metallic FSS. In Fig. 2 (a), we show a sketch of the final metamaterial structure. Either Al (in structures with finite PI spacer thickness) or Ti/Au (in structures with no PI spacer) were employed as the FSS metals. The choice of metal arises from the fact that Al adheres well to PI but Ti/Au does not adhere; conversely, Al does not adhere to MoS 2 while Ti/Au does. The overall metal thickness was set to 100 nm. Fig. 2(b) shows an optical microscope image of a section of the fabricated metamaterial device and a detail of a unit cell.
III. RESULTS AND DISCUSSION

A. Terahertz Conductivity of PLD Grown MoS 2 Films
Samples were measured using a conventional terahertz time domain spectroscopy (TDS) set up, where the terahertz beam was generated via optical rectification in a ZnTe crystal pumped using an 810 nm amplified Ti-Sapphire laser with a pulse width of 75 nm and repetition rate of 1 kHz. The generated terahertz beam was normally incident on the samples that were placed between a set of parabolic mirrors. The transmitted THz beam was measured using an optical probe beam employing a second ZnTe crystal using an electro-optic sampling technique [27] . The measured time-domain terahertz waveform was Fourier transformed to extract the frequency response of the sample.
To optically excite the MoS 2 samples, a broadband 250 W quartz tungsten halogen (QTH) lamp color temperature of 3400 K was employed. The lamp radiation was focused onto the sample yielding an optical intensity of 5 W/cm 2 . A detailed diagram of the terahertz measurement setup is depicted in Fig. 3 .
Each sample was measured with and without optical excitation. The extracted terahertz spectra was normalized to that of a reference sapphire substrate under the same illumination conditions. We found that samples measured in the absence of optical excitation (dark) showed unity transmittance, corresponding to zero terahertz conductivity, which is an evidence of the as-grown samples being intrinsically undoped. However, when they were optically excited using the halogen lamp we observed evidence of a finite terahertz conductivity that increased with number of layers. The measured terahertz spectra for samples with 1, 4 and 60 atomic layers of MoS 2 (under lamp illumination) is depicted in Fig. 4 , the extracted terahertz conductivities under these conditions were: 0.01 ± 0.07, 0.42 ± 0.06, and 0.65 ± 0.08 mS, respectively. The reason why the conductivity does not scale linearly with the number of layers is unclear at this point and will be the subject of future investigations. In the case of a single layer film, where the transmission is very close to 1.0, drift in the laser power can lead to an apparent transmission that is greater than unity at some frequencies.
B. MoS 2 /Metal Hybrid Metamaterials: Numerical Simulations
In order to predict the behavior of MoS 2 /metal hybrid metamaterials, numerical simulations were performed using ANSYS HFSS. The unit cell dimensions were taken as 265 × 265 μm 2 , and the length and width of the cross-shaped apertures were set to 194 and 23 μm, respectively, as depicted in Fig. 2(b) . MoS 2 films were modeled as layered impedances due to their small thickness, i.e. a few atomic layers, which is much smaller than the relevant terahertz wavelengths. A relative permittivity of 10 was assumed for MoS 2 in accordance with Ref. [28] . No frequency dispersion was considered at this end. In the first set of simulations, we varied the PI spacer thickness for a given MoS 2 conductivity. Fig. 5(a) depicts the simulated transmittance spectra for 0 mS and 0.65 mS conductivity levels, respectively, in agreement with the maximum conductivity swing observed in our films (see Fig. 4 ). In accordance with the discussion in Ref. [20] , it was observed that maximum modulation depth takes place in structures without PI spacer, which results from a stronger near-field light-matter interaction under this condition.
We also analyzed the effect of electron relaxation time (τ ) on the terahertz transmittance. For this purpose, the MoS 2 films were modelled employing a Drude dispersion. Assuming an effective mass of 0.45m 0 [29] , [30] and mobility ranging between 2 and 100 cm 2 /V.s [31] , which correspond to typical reported values in MoS 2 , it can be observed that a common range of values for its electron momentum relaxation time should be between ∼1 and ∼25 fs. The Drude model used in our simulations is therefore of the form:
where ε r = 9 is employed in agreement with the results in Ref.
[32] for multilayer MoS 2 . In the above expression σ DC corresponds to the DC conductivity of the MoS 2 film (in [S/m] as per the HFSS definition) and ε 0 is the vacuum permittivity. A thickness of 5 nm was assumed during the constitutive parameter definition, however results are independent of the assumed thickness due to the material being effectively modelled in HFSS as a zero-thickness layered impedance. It is also worth mentioning that the transmission is dominated by the components arising from σ D C , thus the results do not either depend on the assumed value for ε r . In Fig. 5(b) , we show the simulated transmittance versus frequency for metamaterial samples with 2 μm PI spacer thickness and a MoS 2 conductivity level of 0.65 mS for various relaxation times (0, 1, 10, and 25 fs). Aside from a small red-shift in resonance, which is accompanied by a small increase in transmittance, no substantial differences are observed between all these four cases. From this point of view, employing a frequency independent conductivity model can be assumed as a good (first order) approximation when modeling MoS 2 films. This is consistent with our previous observations in graphene reported in Ref. [20] .
C. Experimental Results on Optically-Actuated MoS 2 /Metal Hybrid Metamaterials
We experimentally analyzed the terahertz transmission, with and without illumination, through multiple fabricated metamaterial samples. The samples were illuminated from the substrate side so that similar amount of light flux reaches the MoS 2 layers upon illumination as in the case without FSS. As predicted by our simulations, the resonance in these structures occurs in the 0.2 to 0.4 THz frequency interval. In Fig. 6(a) , we show the measured transmittance through structures with varied PI spacer of d = 0, 2, and 6 μm, with and without illumination. We find that the closer the MoS 2 film is to the FSS, the largest the modulation depth, in accordance with the discussion in [20] and with the simulation results discussed in the previous section. This observation is a result of the strong light-matter interaction in the near field (see Fig. 5(c) ). Moreover, it is noticed that the resonance blue-shifts as the PI spacer thickness is increased; the reasons behind this trend will be discussed in Section III-C. In order to evaluate the effect of conductivity swing, or more precisely, maximum attainable conductivity, on the modulation performance, we measured the transmittance through samples with different number of MoS 2 layers (4 and 60 layers) and no polyimide spacer. The results from these measurements are shown in Fig. 6(b) . Not surprisingly, and in agreement with the simulation results depicted in Fig. 4 , we find that samples having larger number of MoS 2 layers provide a larger modulation depth. The maximum experimentally achieved modulation depth in these MoS 2 /metal hybrid metamaterial structures is ∼20%, i.e. >2× larger than the intrinsic modulation by the same MoS 2 films when on the bare sapphire substrate.
Finally, it is worth mentioning that the fact that the experimentally observed modulation is much smaller than what our simulations predict, as depicted in Fig. 5(a) , and also smaller than what we observed in our previous work utilizing graphene [20] , is not because of the maximum conductivity attainable in MoS 2 being small, but rather a result attributable to the following two mechanisms: (i) since the MoS 2 films are grown on top of a sapphire substrate (n = 3.3), they are immersed in larger surrounding refractive index than the ones in our previous work, in which polyimide (n = 1.7) was the substrate. Overall, an environment with larger refractive index reduces the sensitivity of the terahertz transmission to the MoS 2 conductivity. (ii) In our samples, the MoS 2 films are placed in close proximity to the metallic FSS, which alters the optical field at the MoS 2 plane. Consequently, most of the optical excitation power could be reflected by the overall structure rather than being absorbed by the MoS 2 film as in the case without FSS. As a result, the effective optical power in the MoS 2 , which determines the terahertz conductivity level in the material, can be much smaller than that in structures without an FSS. From this point of view, when placed in metamaterial structures and under optical illumination, the effective conductivity swing in MoS 2 might dramatically reduce from that under the experimental conditions in Fig. 4 .
Finally, it is worth mentioning that in terms of operation speed, the transient evolution of photo-excited carriers in MoS 2 is much slower than that in graphene. In this regard, decay times on the order of nano-seconds have been observed [33] - [34] , which is longer than the pico-second times typically observed in graphene [35] . From this perspective, the maximum attainable operation speeds would be 3 orders of magnitude slower in MoS 2 structures than in graphene structures. Moreover, if employing electrical actuation so to reconfigure the MoS 2 conductivity, we will also expect a much slower response due to the smaller carrier mobility in MoS 2 [31] than in graphene.
D. Equivalent Circuit Model
The trends observed from our experimental and simulation results can be analytically described by representing the metamaterial structure via employing an equivalent circuit model, as discussed in Ref. [20] . In this model, the MoS 2 film can be modelled as a parallel impedance of value 1/σ MoS2 , where σ MoS2 corresponds to an "effective" terahertz conductivity, which can account for the near-field enhancement effects [20] . In the absence of optical excitation, σ MoS2 is zero, and the simulated transmission spectra can be described by:
The parameters R, L and C, derived from the equivalent circuit model depicted in Fig. 7(a) , can be extracted by fitting of the numerically simulated transmission spectra to Eq. (1). In order to estimate these parameters for our particular FSS geometry and dielectric environment, we fitted our numerical simulation results for a device geometry with no PI spacer to the above formula, from where it was determined that: R = 0.35 Ω, L = 9.8 pH and C = 32 fF. A very good agreement is observed between the model and the simulation data, as shown in Fig. 7(b) .
In addition, by analyzing Eq. (1), we see that the resonance frequency in the metamaterial is given by:
Therefore, the fact that the resonance blue-shifts as d is increased can be understood from a decrease in the equivalent circuit capacitance, which is owed to a diminished effective permittivity seen by the FSS as the PI spacer thickness is increased. This trend is opposite to the tendency observed in our previous work [20] . The reason behind this difference is that whereas in our previous work increasing PI thickness increases the effective capacitance due to the PI layer being placed on top of the FSS, in our current work, the PI spacer is placed below the FSS rather than on top. Thus, since the refractive index of sapphire is larger than that of PI, it follows that the effective capacitance should decrease as d is increased. Moreover, although the FSS dimensions in this work are the same as those in our previous work, we notice that the equivalent circuit capacitance is ∼3× larger, which can also be explained from the larger terahertz permittivity of sapphire with respect to that in polyimide.
Furthermore, when analyzing the transmittance at resonance, it can be shown that:
From Eq. (3), two observations can be made: (a) the fact that the transmittance levels under no illumination through the metamaterial structures studied in this work, where sapphire is the substrate, is on the order of ∼70%, whereas in our prior work, where polyimide substrates were employed, transmittance was >80%, is a result of having a larger equivalent circuit capacitance; and (b) since as C decreases the transmittance increases; therefore, the transmittance peak does not only blue-shifts as d is increased, but it also increases in magnitude as clearly depicted in Fig. 5 .
IV. CONCLUSION
In conclusion, we have analyzed 2D-material/metal hybrid tunable terahertz metamaterials. We showed for the first time that a layered 2D material other than graphene could be used. Through optical-actuation in few-atomic layer MoS 2 films, we showed that terahertz metamaterials simultaneously exhibiting modulation depth levels >2X larger than the intrinsic modulation depth by the MoS 2 film and low insertion loss (<3 dB) can be realizable. The trends observed in our experimental measurements as well as in our simulation results were explained by an equivalent circuit model. Although MoS 2 was chosen as an example 2-D material, the discussion in this work is general enough and can be extended to any other 2D-material. Overall our results indicate the promise of 2D-materials beyond graphene for terahertz applications. However, these materials need to be employed in multi-layer form, and the operation speed is expected to be much smaller than that in graphenebased devices.
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